Abstract Unbranched heterocytous cyanobacteria produce a number of serine peptidases. We have characterized several peptidases in the cell-free extracts of a true-branched N 2 -fixing cyanobacterium, Westiellopsis ramosa sp. nov. Upon substrate-gel zymography of intact filaments and heterocytes, five peptidase bands were resolved, whereas in vegetative cells, a single band was discernible. No band was detected in NO À 3 =NH þ 4 -grown cultures suggesting that the peptidases were present under diazotrophic conditions with much of them confined to heterocytes. Using salt precipitation and chromatography, a caseinolytic peptidase, called Wrp49, was purified which also demonstrated fibrinolytic activity. In SDS-PAGE, the purified peptidase was resolved into 17 and 27 kDa fragments. The enzyme in its native state exhibited M r & 49 kDa, and digested gelatin in a substrate gel at a corresponding position. The enzyme showed amidolytic activity on a plasmin specific substrate, D-Val-Leu-Lys p-nitroanilide. Moreover, a trypsin specific substrate, N-benzoyl-DL-Arg p-nitroanilide was hydrolyzed at an apparent K m = 0.195 mM and V max = 5 9 10 -7 M s -1 . The enzyme was stable in a wide pH and temperature range. While Ca 2? stimulated the activity; phenylmethane sulfonyl fluoride, leupeptin, EDTA and chelants were inhibitory. The activity of the EDTA-inactivated enzyme was completely restored upon adding Ca 2? , suggesting that both compounds competed with each other in modulating the enzyme activity. The enzyme showed similarities with a Ca 2? stimulated subtilisin-like serine peptidase of Anabaena variabilis ATCC 29413, but also presented several unique features of metallopeptidases, such as the chelant's response. Moreover, the N-terminal sequence (MTVEN-LARTGVGPGWR) did not match with any of the known peptidases.
Introduction
Upon N-step down, several filamentous cyanobacteria fix molecular nitrogen in specialized cells called heterocytes. Gln is the principal product transported to adjoining vegetative cells. In exchange, vegetative cells reportedly transfer sucrose (Nürnberg et al. 2015) and Glu (Thomas et al. 1977) to heterocytes. Heterocytes also conspicuously accumulate the nitrogen-rich polymer cyanophycin in polar nodules, which is degraded by an enzyme cyanophycinase to b-aspartyl-arginine (Richter et al. 1999 ). This dipeptide is eventually transported to the adjacent vegetative cells in which another enzyme, isoaspartyl dipeptidase hydrolyzes it into Asp and Arg (Burnat et al. 2014) .
Further studies revealed that apart from the above stated amino acids, Ser, Gly, Cys, Thr and Pro were actively produced inside heterocytes (Park et al. 2013) . Since relative to vegetative cells, the amino acid biosynthesis genes in heterocytes were not up-regulated, and also the corresponding amino acid transcript size did not increase, it became intriguing to find the source of the amino acids. Apart from these amino acids, several hydrophobic amino acids, notably the Ala analogue a-amino isobutyric acid, were also found to be produced inside heterocytes of Anabaena sp. strain PCC 7120 (Anabaena 7120) in the absence of combined nitrogen (Pernil et al. 2015) . Since N 2 -fixation or cyanophycin degradation cannot directly account for the accumulation of these amino acids, it was speculated that some hitherto unknown peptidase(s) hydrolyze ecto-or endogenous proteins under diazotrophic conditions and contribute to these many amino acids.
Numerous proteases and peptidases were detected that hydrolyze b-casein in the extracellular matrix of Anabaena 7120 (Oliveira et al. 2015) and Nostoc punctiforme PCC 73102 (N. punctiforme 73102) (Vilhauer et al. 2014) . The N. punctiforme 73102 ecto-proteases exhibited sequence similarities with serralysin-like metallopeptidases. Proteins that were identified in the exoproteome of Anabaena 7120 are the calcium-dependent peptidase, Alr1381 and prolyl endopeptidase, All2533 (Oliveira et al. 2015) . Apart from these proteins from the external milieu, peptidases from within the cells are also known to hydrolyze casein and other substrates. In Anabaena fertilissima CCC 597 (A. fertilissima 597), a peptidase was shown to catalyze hydrolytic breakdown of casein and fibrinogen (Banerjee et al. 2013) . Moreover, a calcium-dependent trypsin-like peptidase, a calcium-independent peptidase and a prolyl endopeptidase extracted from the cultures of Anabaena variabilis ATCC 29413 (A. variabilis 29413) have been shown to carry out proteolytic degradation of a number of natural and synthetic peptidase substrates (Lockau et al. 1988; Strohmeier et al. 1994; Maldener et al. 1991) , which suggests that extensive proteolytic activity inside the cells of heterocytous cyanobacteria does occur. A calcium-dependent peptidase from A. variabilis 29413 (Lockau et al. 1988 ) which was also found in Anabaena 7120 was later characterized to be a subtilisin-like serine peptidase, PrcA, Ava_4009 (Baier et al. 1996) . With the advent of a full genome sequence of Anabaena sp. 90, it became clear that at least two subtilisin-like peptidases, AcyA, ANA_C13603 and AcyG, ANA_C13594 are reportedly responsible for cleavage and/or cyclization of linear precursor peptides that lead to the biosynthesis of the cyclic peptides, cyanobactins (Leikoski et al. 2010) .
In this communication, a Ca 2? -stimulated serine peptidase was purified and characterized from the whole trichomes of a true-branching cyanobacterium, Westiellopsis ramosa sp. nov., which was recently isolated from a freshwater habitat of Jabalpur, India (Singh et al. 2017 ).
Materials and methods

Chemicals
All reagents like Hammerstein's casein, gelatin, phenylmethanesulfonyl fluoride (PMSF), soybean trypsin inhibitor (STI), leupeptin, iodoacetamide, chymostatin, transepoxysuccinyl-L-leucylamide (4-guanidine) butane (E-64), elastatinal, antipain, benzamidine-HCl, antithrombin III, CM-Sepharose, Sephadex G-100, Blue Sepharose, acrylamide, N-N 0 methylene bisacrylamide, D-Val-Leu-Lys pnitroanilide (D-VLKpNA), N-benzoyl-DL-Arg p-nitroanilide (BApNA), N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide (SA 2 PPpNA), N-succinyl-Ala-Ala-Ala pnitroanilide (SA 3 pNA), N-(p-tosyl)-Gly-Pro-Arg p-nitroanilide (GPRpNA), bovine thrombin and fibrinogen and human plasmin were purchased from Sigma Life Sciences (USA). a 2 -Antiplasmin and iodoacetamide were purchased from Merck, Germany. Dipyridyl and 1,10-phenanthroline were of analytical grade and purchased from Hi-Media, India.
Culture conditions for W. ramosa A W. ramosa culture was raised from a single colony grown on agar (1.5%)-solidified BG-11 0 medium (Singh et al. 2017) . The cyanobacterium was routinely grown at 28 ± 2°C in 200 mL of BG-11 0 liquid medium in 500 mL Erlenmeyer flasks placed under constant illumination of 50 lmol photons m -2 s -1 using cool fluorescent lamps (Philips, India) with regular shaking at 120 rpm on an orbital shaker (Remi, India). Purity of the culture was routinely checked by phase contrast and bright field microscopy, and by plating culture aliquots on LuriaBertani agar (1.5%) medium and incubating them at 37°C for 24 h. A culture of W. ramosa was deposited with the Microbial Culture Collection, National Centre for Cell Science, Pune, India, with the accession number MCC 3176.
For experiments using different nitrogen sources, the cultures were grown as above for at least eight generations each of 15-18 days in BG-11 0 medium (Rippka et al. 1979) supplemented with 10 mM of NaNO 3 or NH 4 Cl. In parallel, cultures were grown in a ''modified'' BG-11 0 medium, in which the counter-ions (Na ? and Cl -) were compensated by adding 10 mM of NaCl as also in the regular BG-11 0 medium without added NaCl. The pH, except for the regular BG-11 0 medium, was adjusted to 7.5 with 5 mM of HEPES-NaOH. Fresh weight of the cultures was determined on glass microfibre filters (GF/C 4.25 cm diameter, Whatman). For dry weight determination, cells on filter paper were dried in a hot air oven at 105 ± 5°C until constant weight. Chlorophyll a content in culture aliquots was determined according to Mackinney (1941) .
Protein extraction from whole filaments, heterocytes and vegetative cells
In batches, 28 L of regular BG-11 0 cultures were harvested by centrifugation (10,0009g) for 10 min and pellets were frozen at -21°C for 4-6 h in glass lyophilization tubes using a lyophilizer (NSW, India). Unless otherwise stated, all steps were carried out at 4°C. About 8 g dry weight of frozen pellet was suspended in 60 mL of extraction buffer containing 50 mM Tris-HCl, pH 8.0, 0.1% (v/v) Triton X-100 and 1 mM MgCl 2 and after vortexing on a vortex cyclomixer for 1 h, the culture was incubated overnight at 4°C in standing position. Cell lysis was achieved by sonication for 4 cycles. After every 5 min sonication at 30 W amplitude, the sample was incubated for 5 min at 4°C (Ultrasonic Homogenizer; Inkarp, USA). The suspension was centrifuged at 12,0009g for 20 min and the supernatant was collected as crude extract. Protein content was determined (Lowry et al. 1951 ) with bovine serum albumin as standard.
The method of Strohmeier et al. (1994) was adapted for the preparation of cell-specific extracts. From about 5 L cultures, cells equivalent to 1-2 g fresh weight were harvested by centrifugation (20 min at 40009g) and suspended in 10 mL extraction buffer. The cell suspension was incubated for 30 min at 37°C under constant shaking with 1 mg mL -1 of lysozyme. This was followed by vegetative cell lysis using sonication for 20 min at 4°C at 7.0 watts amplitude. Microscopic examination revealed that approx. 95% of vegetative cells had lysed. Heterocytes were pelleted at 3009g for 20 min and the resultant supernatant after another 12,0009g centrifugation for 10 min was treated as broken vegetative cell extract. Pelleted heterocytes were washed twice and raised in 10 mL of above extraction buffer and an extract was prepared as described for the whole trichome.
Determination of caseinolytic activity
Caseinolytic activity was determined according to Ghosh et al. (2008) as follows: in 1 mL assay mixture, 200 lL 1% Hammerstein's casein in 50 mM Tris-HCl at pH 8.0 and cyanobacterial extract equivalent to 50-100 lg protein were incubated at 37°C for 10 min. 600 lL of 5% (w/v) trichloroacetic acid was added, vortexed and allowed to stand for 30 min at room temperature. The mixture was centrifuged at 10,0009g for 10 min and the absorbance of released tyrosine was recorded at 280 nm (DU800, Beckman).
Enrichment of enzymes using chromatography
The proteins that were extracted from whole trichomes were precipitated by 30 and 70% (NH 4 ) 2 SO 4 cuts. After centrifugation at 12,0009g for 12 min, the precipitant was resuspended in 50 mM Tris-HCl, pH 8.0 to a final protein concentration of 0.15 g mL -1 . For further purification, 15 mg protein was applied to a Sephadex G-100 column (1 9 25 cm, Sigma, USA) previously equilibrated with 50 mM Tris-HCl buffer, pH 8.0. Proteins were separated at a flow rate of 2 mL min -1 . Protein content and caseinolytic activity in each of the 2 mL fractions eluted in a BioLogic LP system (Bio-Rad, USA) was determined. The fractions with caseinolytic activity were combined and further purified using a CM-Sepharose column (1 9 5 cm, Sigma, USA). The total protein amount loaded was 12.5 mg. After an initial step of washing for 20 min using the buffer described above, a linear gradient of 0.5-2.0 M NaCl was applied to elute the bound proteins. Further purification of ca. 5 mg protein was achieved by affinity chromatography on a Blue Sepharose column (1 9 5 cm Sigma, USA) with a continuous gradient of 0-0.5 M NaCl after having washed the unbound proteins for 10 min. Proteins were concentrated using a protein concentrator of 10 kDa cut-off (Millipore, India).
Molecular weight determination using size-exclusion chromatography, native and SDS-PAGE and zymography
Purified enzyme equivalent to 0.25 mg protein and standard proteins (0.5 mg): bovine serum albumin (66.0 kDa), ovalbumin (43.0 kDa), carbonic anhydrase (29.0 kDa) and phophorylase b (97.4 kDa) was applied to a Sephadex G-100 column (1 9 30 cm, Sigma, USA) and size-exclusion was performed according to Andrews (1965) . Caseinolytic activity and protein content were determined in all fractions. Blue Native and SDS-PAGE was carried out according to Laemmli (1970) on 10% acrylamide gels.
Gelatin zymography was performed according to Kim et al. (1998) . The resolving 10% SDS-polyacrylamide gel solution contained 0.1% gelatin. The protein extracts corresponding to 10 lg of protein were mixed with an equal volume of loading buffer containing 250 mM Tris-HCl at pH 6.8, 4% SDS, 20% glycerol, and 0.002% bromophenol blue. The gels were washed for 40 min at room temperature with 50 mM Tris-HCl at pH 7.0 containing 2.5% (v/v) Triton X-100, followed by distilled water for 30 min. Subsequent incubation at 37°C for 12 h with developing buffer containing 10 mM Tris-HCl at pH 7.6, 200 mM NaCl and 0.02% (v/v) Triton X-100 followed by Coomassie Brilliant Blue R250 staining for 2 h and destaining produced clear bands against dark background.
Amino acid sequencing
The partial amino acid sequence was determined at the School of Life Sciences, Hyderabad University, Hyderabad, India, by matrix-assisted laser desorption/ionizationtime of flight mass spectrometry (MALDI-TOF MS) of trypsin-digested purified protein. Homologous sequence search was done using the MASCOT search engine (http:// www.matrixscience.com/cgi/search_form.pl?FORMVER= 2&SEARCH=PMF). The N-terminal sequences were matched using UniProt/BLAST (www.uniprot.org/uniprot).
Determination of fibrinolytic activity
Hydrolytic cleavage of fibrin clot and resolution of the peptide products was carried out according to Datta et al. (1995) . Briefly, fibrin clot (0.5 mL) was prepared in Eppendorf tubes by mixing 10 mL of 0.4% fibrinogen in 50 mM sodium phosphate buffer at pH 7.4 and 0.1 mL of thrombin (10 NIH U). 20 lg protein in 10 lL extract and 0.1 unit of plasmin was added onto the fibrin layer. After 4 h the dissolved and the hard portion of the clot were homogenized in 40 lL of a denaturating solution containing 10 M urea, 4% SDS, 4% mercaptoethanol and 0.002% bromophenol blue. After boiling for 5 min the peptides were resolved on a 10% SDS-PAGE gel.
Determination of amidase activity
Amidolytic activity was determined according to Agrawal et al. (2005) using synthetic chromogenic substrates. The reaction mixture contained: 50 lL substrate-6.5 mM D-VLKpNA, 2.5 mM SA 3 pNA or 39 mM GPRpNA in assay buffer; 1.4 mM BApNA or 0.95 mM SA 2 PPpNA in 7.5% (v/v) dimethylsulphoxide, and 50 lL extract equivalent to 40 lg protein in 0.1 M Tris-HCl, pH 8.0. The reaction was carried out for 10 min at room temperature. In parallel, controls with boiled extract (100°C, 5 min) were run. By using a pNA calibration curve, the release of pnitroaniline was monitored as D 405nm .
Purified enzyme equivalent to 25 lg protein was incubated for 1 h at 37°C at given pH values in 50 mM acetate buffer pH 4.0-5.0, 50 mM potassium phosphate buffer pH 6.0-7.0, 50 mM Tris-HCl buffer pH 8.0-9.0, and 50 mM glycine-NaOH buffer pH 10.0-12.0. The enzyme was incubated in the reaction buffer (pH 8.0) for 1 h at temperatures ranging from 10 to 80°C. The activity of the enzyme was determined using chromogenic substrates. To test the effect of metal ions and animal protease inhibitors, following incubation was set up in reaction buffer (pH 8.0) with purified enzyme for 1 h at 37°C: 5 mM each of KCl, CaCl 2 , ZnSO 4 , Co(NO 3 ) 2 , MnCl 2 , FeCl 3 , CuSO 4 , MgCl 2 , FeCl 2 , or 5 mM each of STI, PMSF, leupeptin, iodoacetamide, E-64, benzamidine-HCl, antithrombin III and elastatinal, 50 lM antipain, 2 mM Na 2 EDTA, and 0.1 mM a 2 -antiplasmin (Merck, Germany) in water, 0.5 mM dipyridyl in ethanol, 5 mM chymostatin in 7.5% (v/v) dimethyl sulphoxide, and 1 mM 1,10-phenanthroline in methanol, prior to start of the assays. Controls received equivalent volumes of the solvents which is \ 1% of the assay mixture volume.
Determination of kinetic parameters
The kinetic parameters such as substrate saturation constant (K m ), maximum reaction velocity (V max ), catalytic constant (K cat ), and catalytic efficiency (K cat /K m ) were measured by assessing enzymatic activity with BApNA at concentrations between 0 and 50 lM. Reactions were initiated by the addition of 40 lg of purified peptidase in a glass cuvette on a spectrophotometer (DU800, Beckman) equipped with thermostated cell compartment. The kinetic parameters were obtained from the initial rate measurements of substrate hydrolysis by purified peptidase and the release of pnitroaniline was monitored at 405 nm, and their values were calculated using a Lineweaver-Burk linear plot.
Results
Growth and proteolytic activity in the presence and absence of combined nitrogen Westiellopsis ramosa was cultivated in regular BG-11 0 medium and transferred to BG11 0 þ NO
and ''modified'' BG11 0 (see ''Materials and methods'' section) for seven generations. Once the culture was acclimatized to the given nitrogen source, in the eighth generation, growth of the organism was recorded in terms of increase in dry weight and chlorophyll a content. As depicted in Fig. 1a , regardless of the given nitrogen source, it took 20 days to attain peak biomass (dry weight). However, the time-kinetics of growth and the absolute growth on day 20 was the highest in ''modified'' BG11 0 , followed by regular BG11 0 and NO À 3 -and NH þ 4 -supplemented media. In regular BG11 0 medium (without NaCl), growth was slightly lower than ''modified'' BG11 0 , though the difference was not significant. Quantifying the growth in terms of chlorophyll a content did not change the overall trend (Fig. 1b) .
NH 4 Cl supplemented cultures showed poor growth with highly shrunk cytoplasmic content and typical ''T'' shaped branching. Cultures supplemented with NaNO 3 showed better growth along with the presence of branching. Only cultures without external supplementation of nitrogen showed heterocytes (Supplementary material Fig. S1 ).
In casein plate assays, clearing of casein was detected only in the area surrounding the sonicated cells harvested from BG11 0 and not around the culture filtrates after removal of the cultures or the buffer in which cells were lysed (Supplementary material Fig. S2 ).
Homogenizing cells harvested from liquid cultures by sonication in Triton X-100 containing buffer yielded the highest casein hydrolytic activity. The average value in regular BG11 0 grown cells was 34.5 ± 2.43 nmol Tyr min -1 mg protein -1 . No activity was detected in heat-denatured (5 min, 100°C) extract or upon omission of casein. For testing reliability, caseinolytic activity was determined in triplicate sets of six experiments each (n = 18). To establish the variance, the mean value of each of the six experiments was randomly paired. The calculated F value upon applying one-way ANOVA (F 5,12 = 0.25, p \ 0.05) was smaller than the tabulated value indicating that there was no significant difference between the mean values computed from the six experiments. Casein hydrolytic activity was determined for cultures grown under different nitrogen conditions as described above. Upon comparison, the activity in the absence of combined nitrogen was found to be significantly higher than what was detected in the presence of combined nitrogen (Supplementary material Table S1 ).
In-gel activity staining by substrate-zymography is a reliable method to screen for the presence of proteolytic enzymes. The cultures grown under different nitrogen conditions were subjected to substrate-SDS-PAGE. After Coomassie Brilliant Blue staining, five bands of approx. M r = 66, 49, 36, 30 and 27 kDa were visualized under combined N-free growth, which indicates the existence of multiple gelatinolytic peptidases or their oligomeric forms (Fig. 2 lane #a) . No such bands were visible with NO 
Partial purification and characterization of peptidase, Wrp49
A caseinolytic peptidase from whole trichomes of W. ramosa grown in regular BG11 0 medium, called Wrp49 (W. ramosa protease 49 kDa), was purified by combining salt-exclusion and chromatographic steps. The purification results are presented in Fig. 3a-c and Table 1 . The enzyme precipitated between 30 and 70% (NH 4 ) 2 SO 4 , and was resolved as one active fraction by Sephadex G-100 gel filtration chromatography using 50 mM Tris-HCl at pH 8.0. Further purification was achieved by using a CMSepharose column, in which Wrp49 activity was found in the fractions eluting with 0.5 M NaCl. Further, the enzyme was retained by Blue-Sepharose column and eluted in the fractions of 0.1 M NaCl. After all purification steps, 17% recovery (yield) and 102-fold increase in specific activity of the crude extract was achieved (Table 1) . Native and SDS-PAGE, and size-exclusion chromatography were employed to verify the purity of Wrp49 and determine its molecular mass. Standard proteins of 29-97.4 kDa and Blue-Sepharose purified enzyme preparation were simultaneously applied to the size exclusion column and collectively five protein peaks were discernable. Wrp49 could co-elute with any of the four standard proteins or elute as a separate peak. Size-exclusion chromatography showed a significant caseinolytic activity in peak no. 3 and not in the preceding or succeeding peaks (Fig. 4a) . By comparing with standards, the peak no. 3 corresponded to molecular weight of 49 kDa. The molecular mass was confirmed by native PAGE to be 49 kDa (Fig. 4b) . Upon SDS-PAGE of the purified enzyme on 10% gel, two peptide bands of 27 and 17 kDa were clearly visible (Fig. 4c) . Wrp49 was resolved by substrate (gelatin)-gel PAGE to ascertain that not more than one enzyme is involved in protein digestion as was revealed for the crude extract (cf. Figure 2a) . As shown in Fig. 4d , with gelatin as a substrate only one clear band corresponding to a position at 49 kDa was discernible.
The N-terminal sequence (MTVENLARTGVGPGWR) of Wrp49 exhibited 100% similarity with the S-adenosyl-Lmethionine (SAM)-dependent methyltransferase from Actinomadura rifamycini. Using the UniProt database we wanted to compare the sequence with the N-terminal sequences of serine peptidases annotated from the unbranched genera, Nostoc and Anabaena and the branched ones, Hapalosiphon and Fischerella. As shown in the Supplementary material Table S2 , the Wrp49 N-terminal sequence did not match with any of the cyanobacterial serine peptidases or the uncharacterized peptidases. Upon running BLAST tool, no similar sequence was found in any cyanobacterium, suggesting that the N-terminal sequence of Wrp49 can be considered as ''unique'' sequence specific to the genus, Westiellopsis. Further search revealed occurrences of the ''unique'' N-terminal sequences in: ) and caseinolytic activity ( ) of ammonium sulphate fractionated W. ramosa whole trichome extracts through chromatography on a Sephadex G-100, b CM-Sepharose and c Blue Sepharose columns trypsin-like serine proteases with a C-terminal ''post-synaptic density protein-Drosophila disc large tumor suppressor-zonula occludens-1 protein'' (PDZ) domain (Nos7524_5573, Nostoc sp. ATCC 29411), a peptidase S8/ S53, subtilisin (NIES19_11680, Anabaena cylindrica ATCC 27899), and at least four other serine peptidases (ACX27_00470, Nostoc piscinale CENA21; A4S05_12910, Nostoc sp. KVJ20; ANA_C13100, Anabaena sp. 90 and NIES592_12145, Fischerella major NIES-592).
Amidase activity of Wrp49
Synthetic oligopeptide substrates mimic the protein substrates specific to animal serine peptidases, and are used to determine the nature of the caseinolytic peptidase as being analogous to trypsin-, chymotrypsin-or other serine peptidases. Upon hydrolytic action on the terminal amino acid at P1 position, the product pNA is released. It can be deduced from the time-kinetic release of pNA from the oligopeptide substrates that Wrp49 most efficiently hydrolyzed VLKpNA and BApNA, specific substrates for plasmin and trypsin (Fig. 5) , showing a specific activity of 110 ± 11.2 and 106 ± 10.2 lmol pNA min -1 mg -1 protein, respectively. The enzyme also hydrolyzed a thrombinand plasmin-specific substrate, GPRpNA, though at much lower rate (14 lmol pNA min -1 mg -1 protein). No activity was detected with SA 2 PPpNA and SA 3 pNA, the substrates specific to chymotrypsin and elastase, respectively.
The kinetic properties of Wrp49 activity were elucidated using BApNA as substrate. From the Lineweaver-Burk plot (Fig. 6) , the apparent substrate saturation constant (K m ) and the maximum reaction velocity (V max ) were 0.195 mM and 5 9 10 -7 Ms -1 , respectively. The turnover number (K cat ) and the catalytic efficiency (K cat /K m ) were 0.14 s -1 and 7.1 9 10 2 M -1 s -1 , respectively.
Effect of pH and temperature on Wrp49 activity
The enzyme preparation, prior to the onset of assays with BApNA as substrate, was incubated for 1 h under given pH values ranging from 4.0 to 12.0 and at given temperatures ranging from 10 to 80°C. From Fig. 7a , b the optimal pH was deduced to be 8.0 and the optimal temperature to be 40°C.
Effects of metal ions and peptidase inhibitors
The effect of metal ions and animal protease inhibitors on the activity of Wrp49 with BApNA as substrate is summarized in Tables 2 and 3 . Under incubation conditions, Ca 2? and Co 2? significantly enhanced the activity by two- Fig. 4 Molecular mass of pooled Blue-Sepharose-eluted fractions (cf. Fig. 3c ; Table 1 ) on a size exclusion on Sephadex G, b native and c SDS-PAGE and on d in gel activity staining on gelatin. Protein equivalent to 250, 80, 40 and 20 lg were applied for experiment a-d, respectively. For experiment a, samples and standards in 50 mM Tris-HCl, pH 8.0 was filtered at 1 mL min -1 and caseinolytic activity determined in pooled fractions corresponding to peaks #1-5 (bar) to three-fold, whereas Cu 2? resulted in about 38% inhibition (one-way ANOVA, F 3,8 = 3.339, p \ 0.05). The effect of other metal cations was not significant (p [ 0.05). Wrp49 was almost completely inhibited by serine peptidase inhibitor, PMSF, serine-and cysteine peptidase inhibitor, leupeptin, and metallopeptidase inhibitors, 1,10 phenanthroline, dipyridyl, and EDTA (one-way ANOVA, F 3,8 = 0.984, p \ 0.05). At the recommended effective doses, the enzyme activity was partially inhibited (36-75%) by trypsin peptidase inhibitors, benzamidine HCl, antipain and STI. The other peptidase inhibitors had no significant effect on the activity (p [ 0.05).
Since W. ramosa was cultivated in a medium containing Ca 2? , it is likely that the enzyme Wrp49 already has acquired the metal necessary to attain the control values. If the EDTA and Ca 2? compete, replenishment of Ca 2?
should alleviate the EDTA-effect, i.e. should start to increase the activity. To ascertain this, the enzyme was treated with 2 mM EDTA for 1 h. In the amidolytic assay using BApNA substrate, EDTA-pre-treated enzyme was incubated with 2, 3 and 5 mM CaCl 2 . Without Ca 2? the Fig. 5 Time-kinetic release of pNA from synthetic oligopeptide substrates with purified peptidase, Wrp49 (cf. Fig. 3 ). Protein extract equivalent to 40 lg protein ( ) or corresponding boiled extracts ( ) were added to above assays. Inset Specific activity as a function of concentration of protein. Bar represents mean ± SD of three independent experiments in triplicate analysis (n = 9) Fig. 6 Lineweaver-Burk plot of BApNA substrate for purified peptidase, Wrp49. 40 lg protein was assayed with BApNA in a concentration range from 10 to 50 lM. A representative plot of triplicate experiments is shown activity was negligible, but with Ca 2? supplementation there was a concentration-dependent increase in the activity attaining the respective values of 46, 52 and 64 lmol pNA min -1 mg -1 protein. Since different composition of peptidases in the crude enzyme preparations was observed in intact heterocyteand vegetative cell zymograms (cf. Fig. 2d, e) , it was tested which peptidases were inhibited by PMSF and EDTA. Heterocyte-and vegetative cell-free extracts were pre-incubated with both the inhibitors and resolved on substrategels. As shown in Fig. 8a , b, controls revealed 5 peptidase bands in a molecular mass range of 27-66 kDa in heterocyte-and just one band corresponding to 30 kDa in vegetative cell extracts. The treatments resulted in the disappearance of bands of around 66 and 49 kDa masses in heterocytes only. To demonstrate that Ca 2? alleviated the EDTA-effect on peptidase activities, the previously EDTA treated heterocyte extracts were first run on a gel to confirm that the activity at positions 66 and 49 kDa masses was missing. The extracts were incubated further with the given Fig. 7 Residual activity of purified peptidase, Wrp49, with BApNA substrate as a function of a pH and b temperature. The enzyme was incubated at stated pH in various buffers (see ''Materials and methods'' section) or at different temperature for 1 h before starting the reactions. Data are expressed as mean ± SD (n = 3) Table 2 Residual activity of purified protease, Wrp49, upon incubation with metal ions
Metal ions
Concentration ( The enzyme equivalent to 40 lg protein was incubated with/without (controls) metal salts at 37°C at pH 8.0 for 1 h. Amidolytic activity was determined using BApNA substrate. 100% activity equals to 75 lmol pNA produced min The enzyme equivalent to 40 lg protein was incubated in presence of inhibitors/solvents (controls). 100% activity denotes 78 lmol pNA produced min concentrations of Ca 2? for about an hour and then applied to the gel. As demonstrated in Fig. 8c , the activities at the two band positions increased as a function of increase in concentrations of Ca 2? .
Fibrinolytic activity of purified Wrp49
Since Wrp49 hydrolyzed a plasmin-specific substrate VLKpNA, it was examined if the three fibrin proteins, namely a-and b-chains, and c-dimer were hydrolyzed by the enzyme. As shown in Fig. 9a , incubation with the enzyme demonstrated that within 1 h, the c-dimer bands disappeared while the a-and b-chains remained present.
No effect on the a-chain and b-chain fibrins could be seen after 4 h. When Wrp49 was replaced with plasmin, the cdimer was degraded in less than 1 h and the a-chain after another 3 h of incubation. However the b-chain was not substantially affected even after prolonged treatment (Fig. 9b ).
Discussion
In this communication, we report the presence of several peptidases inside heterocytes and vegetative cells of W. ramosa, of which at least two are Ca 2? -dependent peptidases. Negative bacterial growth indicated that the peptidase activity was of cyanobacterial origin.
The peptidase isolated in this work showed similarity with serine peptidases of A. variabilis 29413 and Anabaena 7120 (Strohmeier et al. 1994; Maldener et al. 1991) . These enzymes hydrolytically cleaved casein and the synthetic oligopeptide substrates with -Arg or -Lys at P1 position. Based on substrate and inhibitor specificity, the enzyme Wrp49 appears to be a trypsin-like serine peptidase. Other common properties between Wrp49 and Anabaena peptidases were: a native molecular weight of 50-55 kDa, a broad pH activity range with an optimal pH of 8.0, Ca 2? stimulation, and a strong inhibition effect by chelants, PMSF, leupeptin, antipain and benzamidine-HCl while relatively weak inhibition by STI. These characteristics made us to conclude that Wrp49 has similarity with a subtilisin-like serine peptidase (subtilase), PrcA, of A. variabilis 29413 (Baier et al. 1996) . There were some differences with regard to Ca 2? response though. Ca 2? was not absolutely required for Wrp49 activity, yet its activity with EDTA was completely lost in the absence of exogenous Ca 2? . Notwithstanding, upon adding increments of Ca 2? the activity started to reappear, circumventing the EDTA-effect. It is possible that the required Ca 2? for optimal activity was available from the growth media, and exogenous Ca 2? only stimulated the activity by two-fold by filling the binding sites that were left unoccupied. In comparison, adding Ca 2? activated the A. variabilis 29413 subtilase by over 15-fold, which was an absolute requirement for optimal activity. Even in presence of Ca 2? in trans, EDTA was able to suppress the enzyme's activity, suggesting that the EDTA-effect was irrevocable. Another prominent difference was that substrates with -Pro at P2 position such as GPRpNA were hydrolyzed more efficiently than BApNA by the A. variabilis 29413 peptidase while Wrp49 could hardly react on GPRpNA.
The most distinguishing feature was that, the N-terminal sequences of the two enzymes, PrcA and Wrp49 had no similarity. Interestingly, many serine peptidases of unbranched-and branched heterocytous cyanobacteria, including Wrp49, have been shown to possess ''unique'' Nterminal sequences, not found in other cyanobacteria. For the moment, we think that more peptidase sequences from diverse cyanobacterial taxa should be submitted to the UniProt database so that there is a better chance of getting analogous sequences. It should be noted that, for comparison no peptidase sequence from Westiellopsis is available.
SDS-PAGE of Wrp49 revealed separation of two peptides at 27 and 17 kDa which arose from a native protein with M r 49 kDa. Either the peptidase is a dimer or one of the peptides co-eluted with the putative peptidase. A dimeric state of serine peptidases is a common observation in N 2 fixing cyanobacteria. Two bands were observed for the Ca 2? dependent peptidase and the trypsin-like specificity endopeptidase from A. variabilis 29413 (Lockau et al. 1988; Strohmeier et al. 1994 ), the serine peptidase from A. fertilissima 597 (Banerjee et al. 2013) , A. variabilis 29413 subtilase (Baier et al. 1996 ) and a HetR peptidase from Anabaena 7120 (Zhou et al. 1998) .
Upon comparing the kinetics data of W. ramosa and A. variabilis 29413 peptidases (Strohmeier et al. 1994) , it becomes apparent that K m values for both enzymes with BApNA as substrate are in a range of 0.05-0.2, suggesting that there exists a difference in the substrate affinity as well. The catalytic constant (K cat ) represents the number of mols of product per mol of enzyme in unit time, which in case of Wrp49 is 0.14 mol of pNA per mol of the enzyme. Upon comparing the index or value with bovine trypsin (Kristjánsson, 1991) it appears that the enzyme is about 10-times less efficient in hydrolysis. Comparing catalytic efficiency (K cat /K m ), the Wrp49 index is about 5-times less relative to trypsin, suggesting that the rate of the reaction rather than the substrate affinity is a major determinant of low catalytic efficiency of Wrp49.
Similar to a serine peptidase that was isolated from the rice-field cyanobacterium A. fertilissima 597 (Banerjee et al. 2013 ), Wrp49 had a native molecular weight of 49 kDa and showed a 27 kDa and a 17 kDa peptide band on SDS-PAGE gels. Another similarity is that, apart from BApNA both amidolytically cleaved a plasmin-specific substrate VLKpNA. In fact, both enzymes hydrolyzed the plasmin c-dimer to fibrinopeptides of identical masses. The effects of metabolic inhibitors and metal ions are also similar, viz., activation by Ca 2? and Co 2? and inhibition by inhibitors common for serine-and metallopeptidases. The question why 1,10-phenanthroline, a type-II metal chelant strongly inactivates the enzyme cannot be answered with certainty. It is speculated that the serine peptidases may have domains that can bind to the type-II metals such as Co 2? , and perhaps this in turn would modulate the active sites. In N. punctiforme 73102 exoproteome, Ca 2? binding RTX proteins have metallopeptidase-serralysin motifs (Vilhauer et al. 2014) . A composite peptidase of a marine Synechococcus sp. strain WH7805 (Christie-Oleza et al. 2015) was constituted of a Zn-metallopeptidase, a serralysin, and a subtilisin-like serine peptidase. In an Antarctic isolate, Janthinobacterium strain AU11, an extracellular peptidase acquired from cyanobacteria by horizontal gene transfer resembled a serralysin-like metallopeptidase, but the inhibitor profile was similar to subtilisin (Martinez-Rosales et al. 2015) . The dual nature of peptidases can be extended to fungal and bacterial fibrinases (Wu et al. 2009 ) and ketatinases (Tork et al. 2013 ), which were termed as ''chymotrypsin/subtilisin-like serine metallopeptidases'' as these enzymes aligned with serine peptidases, yet the metal/chelant-response was similar to metallopeptidase. The evolutionary and functional relevance of such composite peptidases is at the moment not clear, but would be interesting to unravel in future.
To sum up, a serine peptidase with metallopeptidaselike features, namely inhibition by type-II metal chelants, was characterized in a true-branching Westiellopsis ramosa. It can be assumed that proteolysis of ecto-and endogenous proteins may have a distinct advantage for these soil-dwelling and aerophytic cyanobacteria, which owing dry habitat may seek additional N nutrients from surrounding plant exudates for propagation and cellular differentiation.
